Introduction
Graphene, a two-dimensional material system and the building block of fullerenes, carbon nanotubes, and graphite, is not only the thinnest material in the universe, but also the strongest material ever tested [1, 2] . Its extraordinary peculiarities in mechanical, electronic, thermal, and optical aspects [1, [3] [4] [5] [6] [7] [8] [9] drive to the use of graphene for many applications, especially for nanoelectromechanical systems (NEMS) [10] , base materials for electronic circuitry [11] , and biodevices [12] . Recently, researchers have found that C 60 buckyballs can be used to make graphene quantum dots that are geometrically well defined [13] . However, there are relatively few works that have been performed on the modeling of mechanical characteristics of graphene, especially on the behavior of the graphene sheets under collisions with other molecules. The damage of graphene and its resistance under high-energy collisions is an important consideration in some potential applications, like offensive and defensive weapons (spear-shield) in future warfare.
Surface interactions of buckyballs with different kinds of materials, such as silicon, diamond, and graphite, have been investigated [14] [15] [16] [17] [18] [19] [20] . In an earlier molecular dynamics (MD) simulation focused on the collisions of a buckyball (C 60 ) with a graphite (0001) surface, the energy dependence of the scattering properties in the impact energy region from 2 Z. Zhang et al.
30 to 300 eV was studied. In this energy region, the C 60 bounced back with its cage structure intact while snapshots showed that the graphite target evolved an inelastic and large deformation [15] . On the other hand, even though graphene is a building block of graphite, the mechanical properties of suspended graphene sheets deviate from the known properties of bulk graphite. Experiments have been undertaken to measure the effective spring constant of suspended graphene sheets (less than 5 layers) using an atomic force microscope (AFM) [21] . Experimental results show that the effective spring constant of graphene ranges from 1 to 5 N/m and the Young's modulus is 0.5 TPa, which is only about half of the Young's modulus of bulk graphite [21] .
In this work, MD simulations were performed for the collisions between a buckyball and graphene. Although the basic motivation of this study was scientific curiosity, it may find some potential applications in offensive and defensive weapons (spear-shield) in future warfare. In the simulations, a square-shaped single-layer or double-layer graphene is simply supported along its two sides as the displacement-specified boundary conditions. A buckyball or a nano-onion approaches the center of the graphene perpendicularly with an impact velocity ranged from 4.37km/s to 15.31km/s. The choice to study the effect of impact velocity in this range is to demonstrate three distinctive phenomena: (i) buckyball bouncing back, (ii) buckyball and graphene sticking together, and (iii) buckyball penetrating through graphene. It should be mentioned that some researchers relate impact velocities with wavelength and natural frequency of vibration of buckyballs and graphene [22] [23] [24] . In all cases, ripples spread out from the collision point. The variations of the potential energy and the kinetic energy in time during the entire impact process are investigated.
Simulation model
In the MD simulations of collisions between buckyballs and graphene sheets, the squareshaped graphene is in the XY plane and the Z axis is normal to the graphene plane. The length (along the X axis) of the graphene layer is 11.11 nm, the width (along the Y axis) is 10.58 nm, and each layer contains 4549 atoms. The fixed displacement boundary condition applies to the carbon atoms within the bounds of 0.21 nm from the two edges parallel to the X axis. The buckyballs, C 60 and C 320 , are initially located above the center of the graphene at a sufficiently large distance so that there is no interaction between the buckyball atoms and the graphene atoms. Then a negative translational velocity component, V z , is assumed to each atom of the buckyball or nano-onion. In this work, impact velocity refers to the magnitude of V z and it varies from 4.37 km/s to 15.31 km/s (cf. Figure 1) .
The empirical potential energy developed by Tersoff [25] is used to describe the interactions of the atoms in the system. The Tersoff potential accounts for the three-body interatomic forces and accurately describes the bonding in a wide range of carbon nanostructures. It is also deemed as one of the most advanced and sophisticated potential forms. It gives the correct cohesive energy and the equilibrium lattice constant of graphene. In addition, researchers have showed that the Tersoff potential is stable in long-time running according to tests and gives fairly accurate results [26] . The total potential energy, E, in the Tersoff potential can be expressed as [25] :
where the two-body component and three-body component are:
The more detailed expressions and material parameters are given in [25] . Accordingly, interatomic forces acting on all atoms involved in a potential component 1 2 V ij can be obtained as:
where (15. 3)
The equations of motion governing the dynamics of the system are solved by the velocity Verlet algorithm. In the simulations, a typical time step was 0.24 fs. The codes were developed by researchers at the George Washington University. Figure 2 confirms that total energy, the sum of kinetic energy and potential energy, is conserved since there is no dissipation in a classical MD simulation. For the ith atom, we have the governing equation
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and the interatomic 'constitutive relationship'
Since, the time dependence of the kinetic energy and potential energy are
from Equation (16) Figure 3a (impact velocity 4.37 km/s). The diamond symbol designates the potential energy change of the whole system, E p . The star symbol denotes the kinetic energy change of the whole system, E k . The triangle symbol gives the total energy change of collision system, E t .
Combining Equations (18) and (19), one can draw the following conclusion that the sum of kinetic and potential energies is conserved:
In this case, conservation of energy is confirmed by numerical results. This result provides confidence for the MD simulation of carbon nanostructures based on the Tersoff potential. The simulation result also confirms that the greatest potential is obtained at the moment of largest deformation.
The simulation results for a collision between a buckyball (C 60 ) and single-layer graphene are shown in Figure 3 . When the impact velocity of C 60 is relatively small (less than 8.75 km/s), the buckyball bounces back (Figure 3a) and the collision generates ripples spreading out from the contact region on the graphene plane. As the impact velocity increases, roughly ranging from 8.75 km/s to 12.03 km/s, the buckyball sticks to the graphene. The buckyball is broken when the impact velocity is larger than 12.03 km/s. But no matter how large the impact velocity is, the buckyball cannot go through the graphene layer without suffering obvious damage.
For a nano-onion and single-layer graphene collision, the phenomena of bouncing back and sticking together are observed when the impact velocity is less than 9.84 km/s. When the graphene layer is broken, there are two possibilities for the nano-onion. If the impact velocity is very large, say, greater than 14.22 km/s, both the outer and inner buckyballs are broken. The reason is that the outer one deforms severely and generates a huge force on the inner one. On the other hand, if the impact velocity is not so large, say, 10.93 km/s, even though the outer one is broken, the inner one penetrates the graphene layer intact, as shown as Figure 4 are similar, except that the inner buckyball cannot stay intact after collision, as shown in Figure 5 .
The deformation factor α [14] , which is defined as the ratio α ≡ r z /r xy , is used to describe the deformation of C 60 . Here r xy and r z are the maximal and minimal radii of the ellipsoid-like molecule, respectively. Compared with the result for a C 60 -graphite collision [14] , the molecule experiences large deformation twice, rather than once, at t = 640 fs and t = 770 fs. At t = 640 fs, the bottom of the C 60 molecule just arrives on the graphene plane and receives its maximal deformation (cf. Figure 6 ) and largest potential energy (cf. Figure 7) . But along the Z-axis, the center of mass velocity is not zero. As it moves on, the molecule falls onto the graphene surface. The dented graphene pushes the deformed buckyball to regain its sphere-like shape, which leads to a increase of the deformation factor before the buckyball rebounds. The buckyball gains its minimal kinetic energy and second largest potential energy at t = 770 fs. Then the buckyball begins to bounce back from the graphene and regains its sphere-like shape again. Deformation factor evolution for a collision between a buckyball at the same impact velocity as the collision event in Figure 3a with an eight-layer graphene was carried out Downloaded by [ Potential energy(eV) Figure 8 . The deformation factor α changes with time for the collision between a buckyball and an eight-layer graphene with impact velocity 4.37 km/s, i.e. theas same impact velocity as in Figure 3a . The potential energy of buckyball changes with time for the C 60 -graphene collision as shown in Figure 3a .
as a comparison, as shown as Figure 8 . The largest deformation factor is higher than that of the collision in Figure 3a , while the second largest deformation factor becomes smaller. As a general rule, as the number of graphene layers increases, the characteristics of the buckyball being deformed severely and then regaining its sphere-like shape twice becomes inconspicuous. As for graphite, this kind of characteristics disappears, as in Figure 2 in [7] .
Conclusion
The collisions between buckyballs and graphene sheets were investigated based on MD simulations with impact velocity ranging from 4.37 km/s to 15.31 km/s. The buckyball and nano-onion will bounce back at low energies, stick together at higher energies, and break up at very high collision energies. For a nano-onion, the outer structure will become a protector when the impact velocity is within a proper range. From Figures 2-4 , it can be seen that the nanostructures of both buckyball and graphene undergo extraordinary large deformations during collisions. The incident C 60 experiences the process of deforming severely and then regaining its sphere-like shape twice. These simulation results demonstrate that the impact velocity plays a crucial role in collisions between carbon nanostructures. The results may provide some useful clues for applications of graphene involving sudden directional compression.
